High spatial-and temporal-resolution spectroscopic methods are employed to perform fundamental studies of the interaction between the propagating magnetic field and a multi-ion species plasma. The experiment is performed in a plasma opening switch configuration, in which a 150-kA current of 4 0 0 ns duration is conducted through a plasma. Spatial resolution of 4 . 5 cm along the l i e of sight is achieved urhg plasma doping techniques. Three doping methods are implemented, capable of producing either neutral or ionized dopant-species columns. Recent observations demonstrated a new phenomenon of simultaneous rapid magnetic field penetration into the heavy-ion plasma and specular reflection of the light-ion plasma leading to ion-species separation. Additionally, noticeable inconsistencies between experimental results and theories were found. The magnetic field was found to propagate faster than expected from diffusion. The observed broad current channel, as well as the nondependence of the magnetic field evolution on the current polarity, disagree with treabnents based on the Hall-field effect. The ion separation phenomenon, not accounted for in present theories, indicates that the plasma composition might play a substantial role in the magnetic field evolution and ion dynamics. In order to systematically investigate the effect of the plasma composition, efforts are currently invested in developing techniques for producing plasmas with controllable compositions. These include spatial species separation and electrode beating. In addition, a novel application of laser spectroscopy is used to achieve submm 3D resolved measurements of the plasma properties and the electric fields. Using this method it was possible to determine, spectroscopically for the first time, the properties of plasma with I density down to a 10" ~m -~, with ns-time-resolution. These studies are believed to be highly important for improving the understanding of various high-current experiments such as plasma switches, high-power trarlsmission lines, and particlebeam diodes.
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LINTRODUCTION
Plasma opening switch (POS) can be used for switching of multi-MA currents with typical rise times of 0.1 to 1 ps to a load withii tens of nanoseconds. In such a system, a pulsed current is conducted through a plasma bridge between two electrodes and is then switched rapidly to a load due to a fast rise in the plasma resistance. The POS has been applied at the 0.5 to 4 MA current levels to drive electron-beam diodes [1, 2, 3] and z-pinches [4, 5] . However, problems related to the efficiency of energy couplig to loads prohibited a wide use of the technique. Experiments have shown that the current transfer to the load [6, 7, 8] is oilen accompanied by plasma [9, 10] reaching the load Furthermore, continued plasma presence in the A-K gap may limit the voltage generated on the load. Since the POS offers unique capabilities for the pulsed-power community a large effort has been invested in improving its performance. It appears, however, that a thorough understanding of the physics processes that govern the behavior of plasmas under pulsed magnetic field is essential for controlling the operation of POS. Such an understanding is also relevant to a wide range of astrophysical and laboratory plasmas.
The interaction between the plasma in pulsed-power systems and a pulsed magnetic field includes two basic competing phenomena: plasma pushing by the magnetic field and penetration of the magnetic field into the plasma. Early theories characterizing the plasma pushing by the j x E force, and describing the magnetic field penetration by classical diffusion, disagree with observations. Noticeably, observations have shown rapid magnetic field penetration, much faster than predicted by classical diffision based on the plasma resistivity [11, 12, 13, 14, 15] . Other theories [16, 17] have shown that non-uniformity in the plasma, giving rise to a varying Hall electric field, may result in an enhanced magnetic field penetration. However, as yet, theories and simulations based on Hall field penetration fall short of predicting the fast magnetic field penetration and broad current channel measured in recent experiments [15] .
In existing theories (based on difision, plasma pushing, and the Hall-effect) the plasma composition plays no direct role. In particular, the classical Hall theory addresses in detail the situation in which the velocity of the magnetic field propagation is larger than that of the pushed ions. Most of the dissipated magnetic field energy is then imparted to the electrons. A POS experiment of ideal single-species plasma is very difficult to realize. In fact, even if the plasma consists of predominantly single element, the ionization processes of the prefilled plasma, occurring due to the high-current application, result in different charge state ions (except for a pure proton plasma). A new method for plasma formation and injection that allows for an improved control of the plasma composition and purity using an "inverse pinch" was suggested and implemented in a cylindrical POS configuration [IS]. Recently, it bas been demonstrated in experiments [19, 20] , which stimulated simulations [21] , that for plasmas of different compositions the field penetration can result in ion-species separation. This in tum, may affect the plasma dynamics, switch opening, and the energy coupling to the load.
The present report focuses on recent employment of spectroscopic diagnostics to study the role and the control of the plasma composition in POS experiments. We describe observations indicating the possible role of the plasma composition in the magnetic field evolution in POS. We also report on progress towards modifying the plasma Composition in POS experiments and advancements of the diagnostics for studying the plasma and electric field properties.
1I.EXPEIUMENTAL SETUP
In this study we use a planar POS configuration depicted in Figure 1 . It consists of two 14-cm-wide electrodes separated by a 2.5-cm gap. The current rises to I50 kA in 400 ns. A surface-flashover (flashboard) plasma source is mounted above the dnode. Details of the flashboard-plasma parameters are given in [22] . In the 10-cm-long plasma prefilled region, the electrodes are of high (90%) transparency in order to ensure free plasma flow through the anode and little plasma stagnation near the cathode. We define: x=O as the cathode surface, y=O the center of the electrodes, and z=O the generator-side edge of the transparent anode. The term "axial" is used here to denote the z-direction towards the load.
For the spectroscopic observations, light is collected by a 1-meter W-visible spectrometer equipped with a 2400 grooveslmm grating. The output of the spectrometer can be attacbed either to an ICCD camera or to an array of photomultipliers (PMT's) via a bundle of optical fibers.
The spectral resolution achieved is 0.07 A. While the use of the gated (5 ns) ICCD camera allows for recording broad wavelength band, the PMT's provide a 7-ns temporal resolution for a narrower band. In order to obtain spatially resolved measurements we utilize our recently developed plasma-doping techniques. In this approach the plasma is doped by an atomic or ionic beam the line emission of which can be used for diagnosing the local plasma parameters (spectroscopic studies have been made to verify that the doped species densities are sufficiently low to cause no significant effect on the main-plasma properties [23] ). The spatial resolution along the line of sight is thus determined by the doped column width. Three doping methods are used: a gas doping technique and a surface-flashover method, (previously described in [22] ) , and an additional method in which the dopant is produced by a pulsed laser beam aimed at a window with its back side coated by a thin layer (-1 pm) of a selected material. The laser beam, focused at the window backside, vaporizes the coating, producing a neutral beam that propagates normal to the window.
One important application of the gas-doping technique is the use of a hydrogen-gas column as a dopant. This allows for charge-exchange processes between pushed protons and the dopant-hydrogen atoms, making possible a reliable determination of the proton velocities using the Doppler shifted lines emitted from the fast hydrogen atoms produced [24] .
1II.THE ROLE OF PLASMA COMPOSITION
As mentioned above, previous measurements [I91 revealed the phenomenon of ion separation during the magnetic field penetration into a multi-species plasma. The observations showed that the light-ion plasma is pushed ahead while the heavy ion plasma lags behind the magnetic field. Recently [15, 24] , measurements performed in the planar POS configuration were used to gain more detailed information on the ion separation and the velocities of the various ion species. In these experiments the magnetic field was measured from the Zeeman effect on the line emission of a neutral (Doppler free) helium dopant. The ion velocities were determined from line Doppler shifts, whereas the proton velocity was obtained from the charge exchange spectroscopy discussed above. Figure 2 presents the various ion velocities, as a function of the charge to mass ratio (ZiM). The measured proton velocity, about twice the magnetic field velocity, which was not predicted by present theories to occur simultaneously with the field penetration, demonstrates that the protons acquire a significant fraction of the energy dissipated by the magnetic field. In addition, some other observations disagree with current theories. The measured magnetic field velocity of 35x10' c d s is much less than the All%& velocity but higher than that predicted by the Hall theory. Also, the current channel width obtained ftom the magnetic field gradient in the plasma was found to be -2 cm; much wider than predicted by the Hall theory. Furthermore, the ions do not only travel axially, rather they demonstrate broad velocity distributions (from Doppler widths). Finally, experiments with reversed polarity had no significant effect on the magnetic field evolution and the POS operation, in contradiction to the predictions of the Hall theory.
Recently, a possible mechanism for explaining these results based on the Rayleigh-Taylor instability that may result from the species separation [15], was proposed. We speculate that in our multi-component plasma the reflection of the light ions (within the heavier-ion plasma) could be susceptible to the growth of the Rayleigh-Taylor instability, leading to the formation of small-scale density fluctuations that enhance the Hall penetration. The enhancement of the Rayleigh-Taylor growth rate in the presence of the Hall term has been predicted theoretically [25] in the context of astrophysical plasmas. The inhomogeneous penetration may result in a cormgated magnetic field front and in local fluctuations of the electron temperature due to the inhomogeneous dissipation of the magnetic-field energy. Such a scenario could explain the broad ion velocity distribution and the wide current channel, since the measurements integrate over a few small-scale fluctuations. Since these density fluctuations are self-generated due to the light-ion (protons) pushing they are expected to be non-dependent on the current flowdirection, consistent with the fmding mentioned above.
The observed ion-species separation, particularly the observation of the proton reflection, implies an important role for the plasma composition in the processes that lead to the field penetration and to the partition of the energy dissipation. Further investigations of the ion dynamics of multi-species plasma with conh.olled plasma composition may prove helpful for improving the understanding of the phenomena reported above and consequently for progress in switch opening and coupling to the load.
IV.WORK IN PROGRESS
In order to systematically investigate the role of the plasma composition in the magnetic field evolution, it is desirable to develop experiments with controlled plasma compositions, particularly, with adjustable fiaction of protons and heavier ions. The plasma species and chargestate composition was determined spectroscopically [22] . These measurements showed that the plasma produced by the flashboard source is mainly composed of protons and C In-V. The secondary plasma, due to the impinging of the few-hundred-eV primary plasma on the electrodes, is mainly composed of H, C 11-111, and 0 11-In.
Recently we used the different times of flight of ions with different charge to mass ratios to control the plasma composition in the POS. In this method, we mount the flashboard plasma source 4.5 cm away from the anode (instead of 3 cm in the previous setup). Due to the larger distance, the faster protons reach the anode earlier than the carbon ions, filling the volume between the electrodes predominantly with a proton plasma. The carbon ions reach the anode at later times, gradually changing the plasma composition at the A-K gap. By the time the carbon ions reach their peak density, a large fraction of the lighter protons has propagated through the cathode outside the A-K gap and the carbon ions become the predominant species in the plasma. The variation of the composition of the plasma reaching the A-K gap occurs on a time scale (-1.5 ps) that is longer than the POS conduction phase, allowing for the selection of the desired composition during the switching process. The time delay between the flashboard discharge and the generator current thus determines the plasma composition during the current flow. Preliminary measurements indicate that it is possible to achieve plasma compositions ranging h m -90% protons to -90% carbon ions.
In Figure 3 we present the electron, hydrogen, and C III densities measured in the interelectrode gap as a function of time. The flashboard is activated at t=O and no current generator is applied. The electron density was determined from Stark broadening of H, and H, emissions. The C I11 2297-A line and H, intensities, together with results obtained in a previous study [22] and collisional-radiative calculations, are used to determine the C I11 and hydrogen densities. The hydrogen density at early time given in Figure 3 reflects the arrival of fast protons to the interelectrode gap, since these fast-hydrogen atoms are most plausibly produced by charge-exchange processes between the protons accelerated (by the j x B force) from the flashboard and hydrogen atoms released from the flashboard surface. Time-of-flight measurements of the C 111 2297 A line, performed without the POS electrodes (in order to avoid the production of C I11 due to the ionization of C I1 generated by electrode sputterin ) showed a front propagating at a velocity of (7*2)xlO c d s . With this velocity, the C 111 ions reach the cathode at f -0.9 ps. The small amount of C I11 before t -0.9 ps is insufficient to produce a signal that can be detected by our optical system. Therefore, at times well below f -0.9 ps we assume that the electron density gives a reasonable estimate for the proton density.
It can be seen from Figure 3 that even after 2 ps, when the proton density is expected to drop significantly, the electron density is higher than the C 111 density (by a factor of 4), indicating the presence of additional ions.
These ions are C IV, the presence of which cannot be proven from measurements with no generator current, since C IV is then insufficiently excited to allow for observation of its visible-UV line emission. However, measurements during the POS operation demonstrate the presence of C IV and yield a lower limit for the C IV density of (6*3)x10" cm-' at t -1.0 ps and (l.WO.3)~10'~ at f -2.2 ps. An upper bound for the C IV density is obtained from the measured electron density (with no generator current) and the requirement for charge neutrality. Assuming the proton density at late times (t 2 2 ps) is negligible, we obtain for the C IV density an upper bound of -1 . 2~l O '~ at 2.2 p. The results presented in Figure 3 indicate an important drawback of this method, which is that the temporal variation of the plasma composition is accompanied by variation of the plasma density. This difficulty will be addressed in future work.
In order to minimize the effects of the secondary plasma produced by electrode sputtering, we are presently investigating the effect of electrode cleaning by heating. The electrodes were heated up to -600 OC and line intensities of several plasma constituents (H, CII, CIII, 011) were observed. Measurements of the C I1 density, performed at various electrode temperatures, as a h c t i o n of the time relative to the flashboard discharge are presented in Figure 4 . These measurements were performed at 3 mm above the cathode and 30 minutes after a steady electrode temperature was reached. It can be seen in Figure 4 that the C I1 densities decrease with increasing temperature. At 600 "C, the C I1 densities are lower relative to those measured with electrode room temperature by a factor of -5 for short time delays, and by -15 for longer time delays. The effect is more pronounced at longer time delays due to the higher plasma density and the larger presence of the heavier constituents of the main plasma source (See Figure 3) that occur near the cathode at late times and enhances the electrode sputtering. Consistently, the effect was found to be less pronounced in the middle of the A-K gap. Also it was found that the 0 I1 abundance has a behavior similar to that of C 11.
Hydrogen and C I11 are much less affected by the electrode sputtering because they mainly originate from the flashboard plasma. In order to examine the effect of the plasma composition and density on the POS operation we employed the time-of-flight species separation, discussed above, in the preliminary experiments, in which the generator current pulse was applied at different time delays relative to the flashboard. These experiments demonstrated a strong dependence of the magnetic field velocity on the POS plasma density and composition as shown on Figure 5 .
The magnetic field velocity was obtained in two different ways. In the first, the total plasma length is divided by the current-conduction time, yielding the magnetic field velocity averaged over the entire plasma length. In the second, the time at which the peak intensity of the C I11 2297 A emission line (which corresponds to the magnetic field front arrival [IS]) is observed at z = 3.7 cm provides the magnetic field velocity averaged over the upstream 3.7 cm part of the plasma. Generally, the average magnetic field was found to be higher than the magnetic field velocity at the first 3.7-cm part of the plasma (except for the short time delay, when the main constituents of the plasma are protons). This fact is a result of the rise in time of the generator current (and the magnetic field associated with it). The decrease of the magnetic field velocity with the time delay between the flashboard and generator pulse is a result of both the increase of the electron density (as indicated in Figure 5 ) and the change of the plasma composition (as shown above, at 1.3 p most of the plasma constituents are protons and at 1.7 ps a substantial fraction of the plasma is carbon ions). The specific roles of the plasma density and plasma composition in the magnetic field-plasma interaction require further investigations. In parallel to developing methods to control the plasma composition, efforts are invested in improving the diagnostic techniques. In particular, improved spatial resolution is crucial for measuring possible small-scale fluctuations as discussed in Section 111. We are presently employing spectroscopic imaging techniques to obtain spectra that are sub-mm spatially resolved in a plane perpendicular to the line of sight. Also, improvement of the spatial resolution along the line of sight is now attempted by reducing the widths of the dopant columns and by employing laser-spectroscopy techniques [26] .
Using observations based on laser-induced-fluorescence, combined with novel Stark broadening calculations, we determined the density of the prefilled plasma, and the electric fields in the plasma prior and during the current conduction by the plasma. Such laser-spectroscopy techniques will be used for high-spatial-resolution determination of other properties of the plasma.
V. SUMMARY
Time-dependent 3D-spatially-resolved observations of the magnetic field evolution and ion dynamics in POS experiments using multi-ion species plasmas demonstrated new phenomena that have not been predicted by and are in part in apparent disagreement with the available theoretical treatments. The observed phenomenon of ion-species separation in which the lightion plasma is pushed ahead, while the heavy ion plasma lags behind the magnetic piston implies that the plasma composition plays a significant role in the plasma magnetic field interaction. Motivated by these results OUT cnrrent work is focused on developing techniques for performing experiments with controllable plasma compositions. Preliminary measurements show that by improving the spatial separation of the flashboard-plasmasource Constituents it is possible to operate the POS in regimes where protons or carbon ions constitute -90% of the plasma. Additionally, heating the electrodes is found to significantly reduce the plasma contamination due to electrode sputtering of species adsorbed on the electrodes. Efforts are also made to further improve the measurement spatial resolution in order to examine the suggestion of the formation of small-scale density fluctuations in the plasma that possibly affect the magnetic field penetration and current density distribution. Novel laser-spectroscopy techniques were employed to yield the electric fields in the plasma during the POS operation. We believe that these improvements will help gain understanding of the relation between the plasma composition and the plasmamagnetic-field interaction.
